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Abstract
Accurate and early diagnosis of infectious diseases extremely important. Rapid diagnosis allows
for effective treatment and increases the chance for recovery without complications.
Additionally, the ability to test the populace frequently, swiftly, and affordably significantly aids
in containing wide-scale outbreaks. In terms of specificity and sensitivity, nucleic acid
amplification tests (NAAT) are one of the best options for diagnosing infectious diseases.
Isothermal NAATS present a unique opportunity to create diagnostic tests deployed at a Pointof-Care (POC) level. Specifically, loop-mediated isothermal amplification (LAMP) and
recombinase polymerase amplification (RPA) have the potential to deliver reliable POC
diagnostics in low-resource settings. When designing POC devices for these NAATs, creating
isothermal temperature conditions is perhaps the most significant challenge. This thesis proposes
a device capable of incubating either LAMP or RPA in conditions conducive to POC testing. The
device can either operate at 58-65°C for ≥60 minutes or 35-42°C for ≥30 minutes; these
conditions are required for LAMP or RPA, respectively. This flexibility comes from two factors.
Firstly, the energy is provided by a battery-powered polyimide thin-film resistive heater. The
voltage conditions can be adjusted depending on the application, but the device does not rely on
a microcontroller, which can add intricacy and expense to a device. Secondly, a phase change
material (PCM) is used to maintain isothermal conditions via latent energy storage. Usually,
chemical heating is regulated via a PCM, and resistive heating is regulated via a microcontroller.
This thesis aimed to combine elements of these two common methods to be advantageous for
POC testing. To create the device, different heating elements, voltages, PCM amounts, and
power sources were tested and optimized for LAMP and RPA. Once the optimal conditions were
found, the device was successfully used to perform RPA to amplify DNA.
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1.

Introduction
Infectious diseases kill millions of people across the world each year [1]. Diseases such

as HIV, tuberculosis, and malaria are some of the leading causes of global death [1]. In
developing countries, where testing must be done in low-resource settings, the risk of death is
even higher [2, 3]. The importance of accessible testing and treatment was made even more
evident by the SARS-CoV-2 pandemic, where a country's economy and healthcare infrastructure
often determined its success in minimizing damage [4]. This has led to the need for Point-ofCare (POC) diagnostics. POC tests provide on-site results without the need to transport
specimens to a laboratory [5]. With infectious diseases, rapid and accurate diagnosis is critical
for efficient treatment [6, 7]. For example, access to POC syphilis tests that provide same-day
results prevents 290,000 syphilis-related adverse pregnancy outcomes yearly [8]. According to
the World Health Organization (WHO), a shocking 70-90% of medical devices donated to
developing countries never work as intended [9]. Simple failures like dead batteries and broken
fuses account for ~15% of the unused equipment, and ~20% of the equipment is not utilized due
to a lack of user manuals and training [9]. These facts highlight the need for robust and simple
devices. WHO has developed a list of criteria for evaluating POC devices; the “ASSURED”
standards [5]. These criteria and how they relate to the POC device design are detailed in Table
1.1 [10-12].

1

Table 1.1: WHO ASSURED Specifications
Criteria
Interpretation
Affordable
Test cost <10 USD; Device cost <500 USD
Sensitive
Few false-negatives
Specific
Few-false positives
User-friendly
Simple and requires little training
Rapid and Robust
Enables same-day treatment; Does not require refrigerated storage
Equipment-free
Compact, non-electric, or battery-powered
Deliverable
Portable, hand-held

1.1

Isothermal Nucleic Acid Amplification Tests
Beginning with the development of polymerase chain reaction (PCR) in 1983, nucleic

acid amplification tests (NAATs) have served as vital tools for the diagnosis of infectious
diseases and genetic disorders [6, 7, 13]. As a result, a vast amount of research focuses on using
NAATs for point-of-care (POC) diagnostics [2, 7, 13-19]. Nucleic acid (NA) amplification
through PCR, while very selective, specific, and rapid, has drawbacks as a POC method [6, 14].
PCR requires energy-extensive thermal cycling and is usually performed by trained professionals
in laboratory settings with sophisticated equipment [6, 20]. These conditions give PCR poor
marks in the “User-friendly,” “Equipment-free,” and “Deliverable” elements of the ASSURED
criteria. One of the challenges of developing POC NAATs is temperature control [12, 20]. The
development of isothermal NAATs has made temperature control in POC devices significantly
more manageable. These tests do not require temperature cycling and, as the name would imply,
amplify products under a singular constant temperature. Lack of temperature cycling makes the
design of POC systems for isothermal NAATs a more straightforward and feasible task. Some
common isothermal NA amplification methods and the temperatures required for those assays
can be seen in Table 1.2.
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Table 1.2: Isothermal NA assays
Amplification method

Acronym

Reaction
temperature
(°C)

Reaction
duration
(min)

Amplification
product

Ref.

Cross priming amplification

CPA

63

30-60

DNA

[21]

EXPAR

55-60

30

DNA

[22]

HDA

37-65

60-180

DNA

[18,23]

LAMP

60-65

30-60

DNA

[17]

MDA

25-35*

60-90

DNA

[24]

NASBA

41**

90

RNA, DNA

[25]

PSR

61-65

60

DNA

RCA

30-65

60

DNA

[26]
[14,
27]

RPA

37-42

10-30

DNA

[19]

SDA

37-49

20-120

DNA

[14]

SMART

41

180

RNA

[28]

Exponential amplification
reaction
Helicase-dependent
amplification
Loop-mediated isothermal
amplification
Multiple Displacement
Amplification
Nucleic acid sequence-based
amplification
Polymerase spiral reaction
Rolling circle amplification
Recombinase polymerase
amplification
Strand displacement
amplification
Signal-mediated
amplification of RNA
technology

*requires an initial 95°C step to denature DNA, and a final 65°C step to inactivate the
reaction
**requires either an initial 65°C or 95°C step to denature RNA or DNA, respectively

NAATs work by tagging identifiable sequences of the genetic material in the target
pathogen and then replicating that sequence to a level that can be detected. The replication of the
genetic material is carried out by enzymes that perform optimally at various temperatures. The
target temperature ranges for different NAATs are dictated by the enzymes used in each specific
case. For most NAATs, the enzyme that controls the amplification temperature is DNA
polymerase. DNA polymerase binds to single-stranded DNA and inserts nucleotides
complementary to the template strand to make a new strand [29]. DNA polymerase from
thermophilic prokaryotes, i.e., prokaryotes that grow under very hot conditions, are commonly
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used in NA amplification [30]. PCR most commonly utilizes Taq DNA polymerase, a bacterial
polymerase that can survive the high-temperature cycling used to denature the DNA strands
between each round of amplification [30]. Many isothermal NAATs avoid this high-temperature
denaturing step by using polymerases with inherent stand-displacement abilities; polymerases
with strand-displacement capabilities separate the two strands of DNA as they make the new
strand [31]. HDA uses DNA polymerases without strand displacement abilities by using an
additional enzyme called a helicase, which unwinds double-stranded DNA so that a DNA
polymerase may bind [23]. Some commonly used DNA polymerases and the NA assay they are
used for can be seen in Table 1.3
Table 1.3: DNA Polymerases used in NAATs
Enzyme

Reaction temperature
(°C)

NAATs

Refs.

Bst DNA
Polymerase

60-65

LAMP,
RCA,
EXPAR,

[22, 32, 33]

57-62

LAMP,

[34]

55-60

EXPAR

[22]

37-42

RPA

[35]

Bsu DNA
Polymerase I

37-42

RPA

[36]

Phi29 DNA
Polymerase

30-40

MDA, RCA

[37, 38]

Klenow DNA
Polymerase

37

HDA

[23]

SD DNA
Polymerase

60-65

LAMP,
RCA, MDA

[39]

Bsm DNA
Polymerase
Vent (exo-)
DNA
polymerase
Sau DNA
Polymerase
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Failure to maintain the target temperature range can hurt the efficiency of a NAAT in a variety of
ways. One such way is multimerization, the non-specific amplification of undesirable byproducts. Garafutdinov et al. studied how reaction conditions affect multimerization during
isothermal amplification by Bst DNA Polymerase and found that multimerization occurs mainly
in the 55-60°C region [33]. Specific amplification is more efficient at 60-65°C [33]. This
illustrates how even a small shift out of the target temperature range can decrease efficiency.
Overheating DNA polymerase is also an issue. For example, Bst DNA polymerase is inactivated
at temperatures around 80°C [39, 40]. The effectiveness of NAATs operating below the target
temperature ranges depends on both the enzyme and the amount of genetic material the reaction
starts with.
1.1.1

Recombinase Polymerase Amplification (RPA)
RPA was developed in 2006 and is commercialized for research use by TwistDx [35].

RPA uses two proteins, recombinase and single-strand DNA binding protein (SSB), to
circumvent the high-temperature denaturation step used in PCR [35]. Recombinase has stranddisplacement capabilities, which opens the double-stranded DNA, and SSB initiates the RPA
reaction by unwinding and stabilizing the displaced DNA template [19, 36]. While the
polymerases used for RPA operate optimally at 37-42°C, the reaction will progress in
temperatures in the range of 22-45°C, and large fluctuations within that range will not harm the
reaction [19, 36]. RPA also has a very short incubation time; RPA reactions typically take 30
minutes for the template to be amplified to detectable levels, but times as low as 3-5 minutes
have been reported [36].
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1.1.2

Loop-Mediated Isothermal Amplification (LAMP)
LAMP was developed in 2000 by Notomi et al. and the Eiken Chemical Company [32].

LAMP uses only one enzyme, the DNA polymerase (usually Bst DNA polymerase), and four
primers [41]. These four primers include two inner -primers and two outer primers; there is a
backward and a forward primer of each kind. The inner primers contain sequences of DNA that
complement a single strand of the amplification target at the 3'-terminal sequences identical to
the amplification target at the 5'-terminal of the same strand [41]. The 3'-terminal
complementary region of the inner primers attacks the double-stranded DNA, and DNA
polymerase begins elongation [32]. The outer primers then attack the double-stranded
amplification products at the 3'-terminal and displace the 5'-terminal of the elongated regions
[42]. Because the inner primers contain regions identical to the 5'-terminal, the single strand will
back-fold into a stem-loop DNA structure [42]. From there, exponential amplification can take
place without the need for any heat denaturation steps. The kinds of primers used during LAMP
allow for amplification to be extremely specific, and because it creates so much amplification
product, it is very sensitive [41]. The LAMP reaction is typically incubated for 1 hour. Still, the
addition of two more primers, a forward and backward loop primer, can increase amplification
speed by double [42] Francois et al. found with LAMP, Bst DNA polymerase, while optimal at
60-65°C, successfully operated in the temperature range of 57-67°C. Detection at lower
temperatures was dose-dependent regarding how much of the target molecule was present [43].
1.1.3

Reaction Volume Geometry
An essential element of temperature control in NAATs is the heat transfer between the

heat source and the reaction volume of the NAAT. For efficient heat transfer, the reaction
volume should be minimized, and the surface area between the reaction volume and the heat
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source should be maximized [44]. Additionally, homogenous temperature profiles are
advantageous for the increased yield of amplification products [14]. It has been estimated that
85% of a reaction volume should be in the target temperature range for successful amplification
to occur [44]. Therefore, the geometry of the reaction volume of a device is vital for accurate
temperature control. The purpose of this section is to describe various common geometric
configurations.
•

PCR tubes
In laboratory settings, it is common to use PCR tubes to carry out isothermal NAAT
assays. Standard PCR tubes are 0.2mL thin-walled polypropylene tubes with a straight
neck and a conical bottom [45]. These tubes are readily available commercially, and there
is standard laboratory equipment designed around PCR tube dimensions. PCR tubes do
not have an optimal shape for rapid heat transfer, but many POC devices still incorporate
them [20, 46]. They are straightforward to purchase in bulk without any special
manufacturing.

•

Microfluidic Chips/Cartridges
Microfluidic chips, or cartridges, are frequently employed in integrated POC devices
[47]. Microfluidic devices operate with volumes in the nanoliter or microliter range,
which coincides with the typical reaction volume of individual NA assays [20, 44]. The
structure of these “lab-on-a-chip” (LoC) devices can generally be described as a network
of microchannels and microchambers in metal, polymer, or ceramic chips [24, 48].
Because of the optimized surface-to-volume ratio, heat transfer occurs very quickly in
microfluidic devices, allowing for the highest accuracy in controlling the temperature
profile of reactions [14, 20].
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•

Paper microfluidic devices
Paper microfluidic devices use hydrophilic and hydrophobic regions of paper to make
microchannels that move tiny volumes of fluid via capillary action [49]. These devices
have many of the same temperature control advantages as microfluidic chips and are
inexpensive enough to use for single-use testing [49, 50].

1.2

Chemical Heating
Chemical heating uses highly exothermic chemical reactions to provide heat to NAATs

[51]. The temperature in chemical heating devices is often regulated using phase-change
materials (PCM) to remove excess heat from the reaction, but creative exceptions exist [51, 52].
These kinds of heating solutions are ideal for various POC testing scenarios, such as when
testing for hazardous pathogens where the entire diagnostic device needs to be incinerated or
disposed of immediately [51]. Chemical heating is also helpful in areas where an electric power
grid cannot be accessed for long periods, and rechargeable batteries are not an option [51]. In
most chemical heating devices, some or all of the device is intended to be disposable [52]. Buser
et al. outline a strategy for designing chemical heating/PCM devices for NAATs [52]. The
relevant factors and parameters are listed in Table 1.4.
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Table 1.4: Design factors and parameters for chemical heating/PCM [51].
Assay
•
Assay
temperature and
tolerance
•
Ambient
temperature range
•
Maximum
warm-up time
•
Minimum
holdover time
•
Reaction
volume
•
Heated area
•
Reusability/
disposability

Power source
•
Reaction
chemistry, enthalpy
of reaction, and
reaction rate
•
Particle size,
packing density,
and surface area of
solid reactants
•
Concentration
of liquid/aqueous
reactants
•
Supply
modality and supply
rate of liquid
reactants
•
Geometry

Temperature regulator
•
PCM phase change
temp. range and latent
heat capacity
•
Thermal
conductivity
•
Geometry

Integrated system
•
Containment
of reactants and
PCM
•
Insulation
•
Activation
mechanism
•
User interface

The two most important elements for temperature control are the choice of the chemical
reactants and the PCM. The reaction volume geometry is also important. Chemical heating is
popular choice for heating both PCR tubes and microfluidics. An overview of some of the POC
devices utilizing chemical heating is shown in Table 1.5.
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Table 1.5: POC NAAT devices with chemical heating
PCM melting
temperature
(°C)

PCM
alterations

Incubation
method

Reaction volume
geometry

Ref.

43 and 63

Carbon black

Modified thermos

PCR tubes

[53]

53

Graphene
nanoparticles

PVC* foam

Paper microfluidic
device

[51]

68

Aluminum
heat sink

Modified thermos

Microfluidic chip

[54]

Air-filled chambers

Microfluidic chip

[55]

PVC foam

PCR tubes

[46]

Aluminum
heat sink

Modified thermos

Microfluidic chip

[56]

≈63b

Aluminum
wool disks

Modified thermos

PCR tubes

[57]

Mg-Fe, H2O

Mixture of
myristic and
stearic acids

47.5

ND

PVC foam

Paper microfluidic
device

[58]

Malaria

LAMP Mg-Fe, H2O

Palmitic acid

≈63a

Aluminum
wool disks

Modified thermos

PCR tubes

[59]

HIV-1

LAMP CaO, H2O

ND

ND

Modified thermos

PCR tubes

[60]

Malaria

LAMP CaO, H2O

65

ND

Modified thermos

PCR tubes

[61]

Salmonella
enterica

LAMP CaO, H2O

ND
PureTemp 65
(PureTemp
LLC)
PureTemp 65
(PureTemp
LLC)

65

ND

Modified thermos

PCR tubes

[62]

Assay

Reactants

ND

RCA

Mg-Fe, H2O

Mock reaction

SDA

Mg-Fe, H2O

HSV-2

LAMP Mg-Fe, H2O

HIV-1

LAMP Mg-Fe, H2O

Lauric and
Palmitic acid
PureTemp 53
(PureTemp
LLC)a
PureTemp 68
(PureTemp
LLC)
Paraffin

HIV-1

LAMP Mg-Fe, H2O

Palmitic acid

58-61

Zika Virus

LAMP Mg-Fe, H2O

PureTemp 68
(PureTemp
LLC)

68

HIV-1

LAMP Mg-Fe, H2O

Palmitic acid

ND

ND

10

Target

PCM

65

ND
Graphene
nanoparticles
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Table 1.5: (Cont.)
Assay

Reactants

PCM

PCM melting
temperature
(°C)

PCM
alterations

HDA

Fe, O2

N/A

N/A

N/A

HDA

Fe, O2

N/A

N/A

N/A

LAMP Fe, O2

N/A

N/A

N/A

Styrofoam box

PCR Tubes

[63]

LAMP Fe, O2

N/A

N/A

N/A

Styrofoam box

PCR Tubes

[64]

LAMP Fe, O2

N/A

N/A

N/A

Styrofoam box

PCR Tubes

[65]

HIV-1

LAMP Fe, O2

N/A

N/A

N/A

N/A

Microcapillary
tubes

[66]

SFTSV**

LAMP Fe, O2

N/A

N/A

N/A

N/A

PCR Tubes

[67]

HIV-1

RPA

SAT***

N/A

N/A

ND

Microfluidic chip

[68]

Mock reaction

RPA

SAT

≈43c

ND

ND

Cylindrical
chamber

[69]

Malaria

RPA

SAT

N/A
Paraffin
(RubithermRT44HC)
Paraffin
(RubithermRT44HC)

43.8

ND

ND

Microfluidic chip

[70]

HIV-1

RPA

SAT

N/A

N/A

N/A

Foam (McMasterCarr)

PCR tubes

[71]

Mock reaction

LAMP

Mg-Fe,
CH3OH

CH3OH

64.7

None

PVC foam

PCR tubes

[72]

Escherichia
virus T4

RPA

Li, H2O

None

N/A

N/A

ND

PCR tubes

[73]

Target
Chlamydia
trachomatis
Clostridium
difficile
H1N1
Influenza A
Virus
Anthrax
Mycobacterium
ulcerans

11

a

*Polyvinyl Chloride
**Severe fever with thrombocytopenia syndrome virus
***Sodium acetate trihydrate

Incubation
method

Styrofoam cup with Paper microfluidic
ventilation holes
device
Styrofoam cup with
Microfluidic chip
ventilation holes

Previously Entropy Solutions
Estimated from [74]
c
Estimated from [75]
b
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Reaction volume
geometry

Ref.
[50]
[52]

1.2.1

Chemical Energy Sources
As stated previously, a critical element of designing a chemically heated device is the

heat source selected. The reaction must be exothermic and capable of providing heat for the
desired length of time, generally one hour [72]. Chemical heating is often used in fieldwork
where robust, minimal, and disposable designs are preferred [52]. Simple reactions with common
and safe reactants and products are ideal. Researchers using chemical heating have frequently
turned to reactions found in commercial products to meet these goals [51]. Some reactions and
commercial sources are listed in Table 1.6. Being able to purchase reagents inexpensively in
preassembled forms saves both time and effort. Most of these reactions are initiated by water or
air, which are readily available resources.
Table 1.6: Exothermic reactions used in POC devices [58]
Heat Output
(kJ/g)

Reactants Reaction
Mg-Fe,
H2O

𝑀𝑔(𝑠) + 2𝐻2 𝑂(𝑙) → 𝑀𝑔(𝑂𝐻) 2(𝑠) + 𝐻2(𝑔) 14.52

CaO, H2O 𝐶𝑎𝑂(𝑠) + 𝐻2 𝑂(𝑙) → 𝐶𝑎(𝑂𝐻) 2(𝑠)

1.15

Fe, O2

2𝐹𝑒(𝑠) + 3𝑂2(𝑔) → 𝐹𝑒2 𝑂3(𝑠)

29.52

Sodium
Acetate

𝑆𝐴𝑇(𝑙)̃ → 𝑆𝐴𝑇(𝑠)

0.26

Commercial
Source
Field ration heater
for meals ready to
eat (MRE)
Hot Can
HotHands hand
warmers
Heave Wave
reusable hand
warmers

Several studies have used Mg-Fe alloys and water as reactants [54, 55, 56, 46, 57].
Pouches of Mg-Fe alloy are available commercially for use in self-heating meals, such as the
Meal-ready-to-Eat (MRE) field ration heaters used by the military [53, 54]. At ~0.15USD per
pouch, this is an affordable option [54]. In this reaction, water oxidizes the magnesium alloy,
causing exothermic galvanic corrosion [54] and producing magnesium hydroxide and hydrogen
gas [76]. Chloride ions accelerate the magnesium galvanization process [72]. Therefore, saline
12

with various concentrations of sodium chloride (NaCl) can be used to control the rate of the
reaction and fine-tune heat generation [53, 72]. An MRE comes with a 1.5 wt % pack of saline
[53]. When used as-is, an MRE can reach 90-97°C in under 10 minutes [53, 54]. The maximum
temperature of the reaction can be slightly lowered by decreasing the amount of saline, which
lowers the thermal burden on PCMs [53]. This reaction, when combined with the correct PCM,
can be used to heat LAMP assays. Liao et al. used the reagents from an MRE without any
alterations [54]. They could heat the reaction volume to 60°C in about 10 minutes and maintain
suitable conditions (60-65°C) for well over an hour [54]. With a different PCM, this reaction has
also been shown to keep reactions in the 30-40°C temperature range for over an hour, although
using such an energetic reaction for relatively low NAATs is not the most efficient in terms of
PCM required [53]. The Mg-Fe reaction is used in a prototype produced by PATH (Seattle, WA,
USA), referred to as the reusable-housing platform (RHP) non-instrumented isothermal nucleic
acid amplification) [57-58]. PATH has several NINA prototypes, including the RHP and the
single-use disposable (SUD) [58]. In addition to the Mg-Fe alloy, the engineering team at PATH
evaluated sodium acetate and calcium oxide as reactants for the device and concluded that the
Mg-Fe alloy was the best option for high-temperature NAATs [58]. The RHP NINA is a selfcontained device built inside a thermos that uses PCR tubes to hold the reaction volume [59, 77,
78]. Sema et al. evaluated the RHP NINA for use with a LAMP assay to diagnose malaria [59].
Sema et al. found that using the RHP NINA with the Mg-Fe alloy and a 0.9 wt % saline
concentration allowed for the LAMP reaction to reach the target temperature in 15 minutes and
stay in a range of 64±1°C for an hour [59]. This study illustrated the advantage of being able to
manipulate heat generation with the addition of saline.
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Another option for chemical heating uses calcium oxide (CaO). A hydration reaction
between CaO and water produces calcium hydroxide [60-62]. Like the Mg-Fe alloy, CaO is
commercially available as a portable meal heater (Hot Can) [51]. Curtis et al. performed a study
using CaO with a NINA prototype [60]. They found that this reaction could heat a LAMP assay
to about 60°C in 10 minutes and maintained an acceptable temperature range for an hour [60].
This reaction can reach temperatures at least as high as those seen with the Mg-Fe reaction. In a
portable PCR device, CaO maintained the NA assay at temperatures between 93-97°C for over
35 minutes [79]. CaO was previously used in prototypes of the NINA but was ultimately
replaced with Mg-Fe [57]. The CaO reaction has a much lower heat output than Fe-Mg; for
LAMP assays operating at 60-65, Labarre et al. used 77 grams of CaO powder, whereas Liao et
al. only used 8 grams of Mg-Fe alloy [54, 61, 80]. Additionally, CaO powder has inconsistent
heat output between batches. This fact is because CaO is derived from limestone, which has
natural variations [58].
The oxidation of finely milled iron powder is another exothermic reaction used for
NAAT temperature control [50, 52]. This is the reaction used in air-activated commercial
disposable hand and toe warmers [52, 81]. Hand warmers of this kind usually contain iron as the
heat generating element, salt to accelerate the oxidation reaction, vermiculite as an insulating
factor, and activated carbon to absorb and retain water, another critical element to accelerating
the reaction [81]. This reaction is often used without a PCM [50, 52, 63, 67]. This detail, along
with the very high energy density of iron, can make it challenging to regulate the temperature of
this reaction [58]. Zhang et al. and Baek et al. used hand warmers to perform LAMP assays
without any kind of insulator; reaction volumes were simply sandwiched between two activated
hand warmers for one hour [66, 67]. When using this sandwich method with PCR tubes holding
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the reaction volume, Baek et al. found that the average temperature within the hand warmers was
65.4±0.5°C for 1 hour [67]. Styrofoam is a commonly used insulator for this reaction. Hatano et
al. incubated a LAMP assay by placing two hand warmers in a Styrofoam box [64]. Hatano et al.
found that the box heated up to 58°C in 30 minutes and maintained a temperature of around 60°C
for 1 hour despite cold (4°C) or warm (37°C ) ambient conditions [64]. Styrofoam also allows for
a way to use airflow to control the iron powder oxidation reaction [50]. Because the presence of
water on the surface of the iron particles acts as a catalyst for this reaction, the relative humidity
(RH) of the reaction environment plays a role in how quickly heat is produced [52]. Huang et al.
manipulated reactions using RH to make a chemically heated HDA POC test [52]. Using a
Styrofoam cup, this group changed the number of vent holes based on the RH of the environment
to control the water vapor reaching the reaction [52]. The resulting device was fully disposable
and very affordable.
1.2.2

Latent Energy Storage with PCMs
PCMs play an important role in absorbing excess heat produced by exothermic reactions.

By choosing a PCM with a melting point close to the temperature target of the NA assay,
isothermal conditions can be maintained within the reaction volume. PCMs chosen for POC
devices are usually comprised of organic compounds such as alkanes, lauric acid, paraffin waxes,
and fatty acids [74]. These compounds are non-toxic and biodegradable, which is ideal for
disposable devices [58]. Alone, most PCMs have a thermal conductivity that is too low for
practical heating use [51]. Materials with low thermal conductivity take a long time to transfer
heat, which is not ideal in a POC setting. Many PCMs are doped with additives to increase the
thermal conductivity [51, 74]. Singleton et al. provide detailed mathematical models for
determining how much PCM and fuel a particular assay might require based on the thermal
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resistance of the PCM [58]. The melting temperature of the PCM is critical to temperature
control. For high-temperature NA assays such as LAMP or HDA, palmitic acid is a good choice
[72, 74]. For low-temperature NA assays such as RPA or strand displacement amplification
(SDA), paraffin waxes or lauric acids are ideal [70, 74]. PCMs composites may also be used.
Singleton et al. demonstrate that blending two PCMs, myristic acid (m.p. 52.8°C) and stearic
acid (m.p. 69.0°C), creates a eutectic mixture with a melting point of 47.5 °C [58, 74]. Various
PCMs and relevant properties can be seen in Table 1.7.
Table 1.7: Properties of some PCMs
Melting Temp
Latent heat
Product
(J/g)
(°C)
RT 42
Lauric acid
RT 44 HC
PureTemp 48
RT 50
Myristic acid
PureTemp 53
RT 55
PlusICE® A58
PureTemp 58
PCM-HS58P
RT 60
PlusICE® A60
PureTemp 60
RT 62 HC
PlusICE® A62
Palmitic Acid
PureTemp 63
RT 65
PureTemp 68
RT 69 HC
Stearic acid

42
43
44
48
50
53
53
55
58
58
58
60
60
61
62
62
62
63
65
68
69
69

165
191
250
230
160
194
225
172
132
237
250
160
145
146
230
145
204
206
150
198
230
214

Manufacturer

Ref.

Rubitherm
N/A
Rubitherm
PureTemp LLC
Rubitherm
N/A
PureTemp LLC
Rubitherm
PCM Products, Ltd.
PureTemp LLC
RGEES, LLC
Rubitherm
PCM Products, Ltd.
PureTemp LLC
Rubitherm
PCM Products, Ltd.
N/A
PureTemp LLC
Rubitherm
PureTemp LLC
Rubitherm
N/A

[82]
[74]
[82]
[51]
[82]
[74]
[51]
[51]
[58]
[58]
[58]
[82]
[51]
[58]
[82]
[51]
[74]
[51]
[82]
[58]
[82]
[74]

Graphene powder is one PCM additive being studied for use in NAAT [83]. Buser et al.
studied SDA with a target temperature range of 46-55°C [51]. They used a fatty acid PCM with
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an optimized concentration of graphene powder to achieve a melting temperature of
approximately 53°C [51]. Buser et al. showed that as the mass percentage of graphene powder
increases, the thermal conductivity increases, but the overall latent heat capacity decreases [51].
Using a conductive metal is also an option. Aluminum heat sinks and aluminum wool embedded
within organic PCMs have a proven effect in increasing thermal conductivity [54, 57, 84].
However, wool can make it challenging to produce void-free composites, leading to inconstant
results [51].
Carbon black has been used successfully to not only increase the thermal conductivity of
a PCM but to encapsulate the PCM as well [53, 85]. Encapsulating PCMs prevents the material
from coming in contact with its environment and provides a defined volume [83]. Encapsulation
has been manipulated to have multi-stage heating in POC devices. While the focus of this study
is on isothermal NAATs, some NA assays that are classified as isothermal still benefit from the
ability to alter the temperature. For example, some NAATs need either an initial denaturation
step or a final quenching step at different temperatures than the incubation step [6]. Another
example is rolling circle amplification (RCA), which can react at a temperature range of 30-40°C
but benefits by adding an exponential amplification using a polymerase that operates between
55-60°C [86]. By encapsulating lauric acid (m.p. 43°C) and palmitic acid (m.p. 63°C) separately
in carbon black, Goertz et al. were able to perform RCA with these two distinct temperature
stages without external temperature regulation [53].
While the vast majority of chemical heating devices use a chemical reaction in
conjunction with a PCM, some devices use a single process that works as both a heat source and
a temperature regulator. Adding this simplification minimizes the size of the integrated device
and reduces the warm-up time of the NA assay [72]. The most frequently used example of this is
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sodium acetate trihydrate (SAT) [68-71]. SAT is a crystalline solid dissolved in water to form a
supersaturated solution in ambient temperature conditions [87]. Crystallization of these
supercooled solutions is an exothermic process that produces energy during fusion [87].
Crystallization can be initiated by introducing an SAT crystal into a supercooled solution or by
impact-triggered nucleation [87, 88]. By tuning the amount of sodium in the solution, the
crystallization of SAT can be used as a heat source for temperatures between 35-55°C [69]. This
process can be reversed by heating the crystallized solution back up to 58°C [87, 88]. Reusable
SAT-powered hand-warmers are available commercially and have been used to heat the
“SIMPLE” (Self-powered Integrated Microfluidic Point-of-care Low-cost Enabling) chip [68].
The SIMPLE chip is an integrated device that uses RPA [68]. Lillis et al. used plastic soufflé
cups filled with SAT to heat RPA reactions in various ambient temperatures [71]. Some studies
have used SAT in conjunction with traditional PCM to have a more controlled temperature
profile [69, 70]. The fact that this reaction is reversible could lower the amount of waste
produced per test.
Most PCMs used in POC devices have solid-to-liquid transitions. In some cases, liquidto-gas transitions can also be utilized. Shah et al. explored using methanol rather than water in
the Mg-Fe galvanization reaction described previously [72]. Methanol boils at 64.7°C, which is
near the ideal LAMP assay reaction temperature [72]. Because of this, methanol acts as a liquidto-gas PCM as well as a reactant. The complete system is much smaller than those using solid
PCMs; the heater is approximately the size of a D-cell battery [72].
1.3

Electric Heating
Electric resistive heaters regulated by microcontrollers are another popular option for

NAAT temperature control. These are frequently used with microfluidic chips, where heaters can
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be directly in contact with the outer surface of the reaction volume, optimizing heat distribution
[24]. Resistive heating, also known as Joule heating, is produced by the flow of electricity
through an electrically resistive element [89]. Examples of resistive heating elements include
thin-film heaters, printed circuit boards (PCBs), thermistors, and electrical resistance tape [24,
44, 89-92]. Joule heating can be given by the equations:
E=

V2 t
R

P=

V2
R

Eq. 1

Eq. 2

E is energy in Joules, V is voltage, t is time in seconds, R is resistance, and P is power in Watts
[93]. Thermistors are resistors that have a resistivity that is highly dependent on temperature. For
thermistors, the denominators in Eq. 1 and Eq. 2 are represented by a temperature-dependent
expression for resistivity. Joule heating has been used in POC testing in a variety of ways.
1.3.1

Microcontroller Systems for Resistive Heating Elements

An essential element of resistive heating systems is the control system. Microcontrollers are
small circuits commonly found in integrated systems. They require an algorithm to run and are
used in heating systems to prevent the temperature from staying out of range. By combining
resistive heating elements with microcontrollers, excellent thermal control can be achieved.
To use resistive heating in POC devices, the heaters must be regulated so that the reaction
temperature stays under isothermal conditions. In experimental or clinical settings, this might be
done with a manually operated or “open-loop” control system. An automated closed-loop control
system would be required during field applications, where there may be varying ambient
conditions [94]. In addition to temperature regulation, microcontrollers can be used to program

19

fluorescent detection and digital readouts and are therefore ideal for totally integrated systems
[95]. Resistive heating with a microcontroller has also been used in a device where temperature
control was the only function using electricity [96]. Microcontrollers provide a way to execute
programs in portable devices without relying on computers, which are often integral in
laboratory equipment. The popularity of commercial development boards such as the Arduino
and Raspberry Pi provides accessible and affordable ways to integrate microcontrollers into POC
devices [95]. Additionally, open-source software solutions already exist on websites such as
GitHub [95]. Programs for temperature control can vary in complexity, with on/off (bang-bang)
control on one end of the complexity spectrum and proportional-integral-derivative (PID) control
on the other end. Various temperature control configurations using microcontrollers are shown in
Table 1.8
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Table 1.8: POC devices with microcontrollers
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Assay

Target
temperature
(°C)

Development
Board

Microcontroller

Control
mechanism

Heating
element

LAMP

60-65

Arduino Uno

ATmega328P

Proportional

Polyimide
thin-film

LAMP

65

TTGO MINI
32 V2.0

ESP32 SoC

PID

PCB

RPA

39

Custom

ATmega328P

PID

Kapton
heating mat

HDA

65

Arduino Mega
2560

ATmega2560

Bang-bang

PCB

HDA,
RPA

65, 37

Arduino Uno

ATmega328P

Bang-bang

PCB

RPA

37-42

Arduino Mega

ATmega2560

Bang-bang

PCB

LAMP

60

Arduino Mega

ATmega2560

Bang-bang

PCB

RPA

39

Custom

ND

PID

ITO

LAMP

65

Arduino Mega

ATmega2560

PID

LAMP

60

Arduino Mega

ATmega2560

ND

LAMP

63

Custom

32-bit ARM 7

ND

Arduino Uno
& shield

ATmega328P

ND

Custom

STM32F103RCT6 PID

LAMP
LAMP

65

Power source

Ref.

DC power supply

[89]

3.7V Lithium-Ion
battery

[44]

3.7V Lithium-Ion
battery

[97],
[98]

DC power supply

[99]

DC power supply

[100]

10 Ah USB battery

[101]

3.7V Lithium-Ion
battery

[90]

DMF device

DC power supply

[102]

ITO

DMF device

DC power supply

[103]

ITO

Microfluidic
chip

3.7V Lithiumpolymer battery

[90]

Microfluidic
chip

8000mAh LithiumPolymer battery

[92]

PCR tubes

3.7V Lithium-Ion
battery

[104]

Capillary
tubes

6000mAh
Lithium-Polymer
battery

[105]

Electrical
resistance
tape
Nichrome
wire
Nichrome
wire
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Reaction
volume
geometry
Microfluidic
chip
Microfluidic
chip
Paper
microfluidic
device
Microfluidic
chip
Microfluidic
chip
Microfluidic
chip
Microfluidic
chip

Microcontrollers allow for more flexible temperature control than chemical heating. User
input allows for single devices to be used for various NA assays with different temperatures [89].
Pardy et al. developed a device using a resistive heating element and a microcontroller to achieve
the target temperature ranges of 12 different NAATs [44]. The flexibility of devices using
microcontrollers allows for the target temperature of the reaction volume to be altered mid-test.
Flexible temperature control has been applied advantageously for multiple strand displacement
(MDA), which, despite being classified as an isothermal NAAT, requires a denaturation step at
95°C and an inactivation step at 65°C [24]. Veltkamp et al. designed a resistive heater that can
hit all three target temperatures for MDA; this group currently uses a personal computer for
control but plans to integrate the hardware into a single battery-powered device [24].
1.3.2

Thin-Film and other Metallic Resistive Heaters
Thin-film heaters are the resistive heating element that is used in POC devices most

frequently. Thin-film heaters have a resistive element such as gold, platinum, aluminum, or
mixed alloys deposited on a thin substrate such as a polymer or silicon [24, 106, 107]. These
heaters can be one of many separate components in a device or can be manufactured directly
onto microfluidic chips. This multipurpose setup offers the opportunity to reduce manufacturing
costs and increase simplicity [24]. For metallic components, it can be challenging to adhere
metal to a polymer due to swelling of the substrate caused by organic solvents used commonly
with NA assays [106]. Polydimethylsiloxane (PDMS), one of the most frequently used polymers
in LoC applications, is incompatible with organic solvents [106]. Materials must also be
biocompatible with NA assays and withstand the high temperatures of the metal deposition
process [24]. Despite these restrictions, thin-film heaters are very popular; there are several
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methods for overcoming the adherence problem, and many commercial options are available for
purchase.
A polyimide thin-film heater is the most commonly used resistive heating element in
NAAT POC devices [96, 108-112]. Polyimide thin-film heaters are comprised of conductive foil
sandwiched in between layers of polyimide [113]. The most common polyimide film used is
Kapton®, a material patented by DuPont™ [107]. The resistive metal foil is most commonly a
nickel-chrome (Nichrome) alloy [89]. A product similar to polyimide thin-film heaters is a
Kapton® heating mat, which also has been used with a hand-held POC device [97]. These
heating elements are readily available commercially and can be adapted in a variety of different
ways. Liu et al. used a polyimide heater when developing an integrated hand-held system, the
Nuclemeter, for use with LAMP and other NAATs [112, 114].
PCBs are another common heating element used in integrated POC devices. These
heating elements can be affordably produced using well-established photoetching methods from
the electronics industry [44, 99]. PCBs typically use copper tracks, a material with low electrical
resistivity and, therefore, low-power resistive heating [44]. The board itself is commonly made
out of glass-reinforced epoxy laminate such as FR-4 [44, 115]. PCB heating has been
implemented in multiple battery-powered hand-held devices for NAATs [44, 100, 101].
Nichrome wire has been used in instances where PCR or capillary tubes are chosen to
hold a NAAT reaction volume rather than a microfluidic chip [105, 104]. Nichrome wire can
heat elements with an irregular geometry by wrapping the wire into custom shapes. Wrapping a
wire can provide better thermal contact with rounded reaction vessels than commercial thin-film
heaters or flat PCBs. Velders et al. developed a single-tube PDMS heat block using Nichrome
wire [104]. The heat block used a standard PCR tube as a template and included a scaffold
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holding the wire in place [104, 116]. Velders et al. used an Arduino shield (a plug-and-play addon for Arduino microcontrollers) to control the PDMS/Nichrome heat block and a 3.7V battery
to power it [104]. Hui et al. also used Nichrome wire to create a heat block-style heater [105].
This group used eight small capillary tubes to hold the reaction volume [105]. The eight tubes
were held in a base made of polymethyl methacrylate (PMMA) [105]. The PMMA base was
placed in a brass cylinder wrapped in Nichrome wire [105]. This resulting device is batterypowered and portable [105].
Another material used to create resistive heating elements is resistance tape. Resistance
tape comprises a resistive wire inside a thermally conductive sheath, such as aluminum, and is
suitable for heating flat or expansive surfaces [117]. Stetfeld et al. used resistance tape from
Minco to create a flat aluminum heater in a hand-held POC device, the “Gene-Z,” that performs
LAMP assays [92]. The Gene-Z uses a microfluidic chip. The heater that the chip rests on was
made by taking a flat aluminum bar and adhering resistance tape in a back-and-forth pattern,
mimicking the heating distributions seen in thin-film heaters [92]. While it has not been proven
for POC applications, the Gene-Z was implemented in a pilot test at Klinger Lake, where it
successfully detected the presence of larval Dreissena polymorpha, an invasive mollusk species,
in lake water [118].
1.3.3

Resistive Heating with a Positive Temperature Coefficient of Resistivity
Most resistive heating elements require a control system to regulate them; this is not the

case for resistive materials that are innately self-regulating. Self-regulating resistive heating
elements are thermistors having a positive temperature coefficient of resistivity (PTC) [119].
These thermistors typically comprise doped barium titanate (BaTiO3) ceramics or polymer
composites containing metal, ceramic, carbon-based fibers, or nanotubes [89, 120-124]. Once
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these materials reach a specific temperature, the electric resistivity rapidly increases, lowering
the energy generated by Joule heating [119]. This transitioning quality makes PTC thermistors
intrinsically “self-regulating,” which removes the need for external temperature control or
microcontrollers and simplifies the devices [125]. These materials must be specifically designed
to regulate at target temperatures by manipulating the composition and morphology of the
thermistors [122, 123]. Some commercially available PTC heating elements are shown in Table
1.9.
Table 1.9: Some commercially available PTC heating elements
Product
HP041/04-24

Design
Demonstrated
Voltage
temperatures temperatures Material
(V)
(°C)
(°C)
Doped
40-290
30-65
BaTiO3
5-24
ceramic

Power
source

Company

Ref.

DC
power
supply

DBK David
+ Baader
GmbH

[89,
126]

BM128

64-68

59.9 ± 0.05

Polymer
resin

3

2 AAA
batteries

Heatron Inc.

[34,
127]

BM117

60-64

60.3-62.8

Polymer
resin

3

2 AAA
batteries

Heatron Inc.

[89,
127]

XHND
RJ202010

65*

Ceramic

3

ND

[128]

12V80°C

66-68

Ceramic

10.5

Uxcell

[125,
129]

0-80

2 AAA
batteries
2 AA +
2 9V
batteries

*This study used a 65°C temperature switch to prevent overheating

Doped BaTiO3 ceramics have a specific temperature, referred to as the Curie temperature,
where the material transitions from the ferroelectric to the paraelectric phase [120]. After this
temperature is reached, the electrical resistivity increases drastically [120]. It is ideal to choose a
heater with a Curie temperature close to or slightly lower than the desired isothermal
temperature. In some cases, one heater can be used for multiple temperature targets by changing
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the voltage applied to the thermistor [119]. Several groups have used ceramic PTC heaters for
integrated NAATs using LoC devices [125, 128, 130, 131].
In a study comparing a self-regulating heating element to a thermostat-controlled heating
element, a device with a ceramic heater was used to heat a mock reaction volume to various
temperatures corresponding with the amplification temperatures for multiple different NA assays
[89]. By varying the voltage supplied to the device from 5-24V, the reaction volume was
maintained at steady-state temperatures corresponding with the multiple desired temperature
ranges. [89]. Pardy et al. found that using self-regulating heating was more effective than
microcontroller-regulated heating for incubating a LAMP reaction [89]. Despite requiring a
constant voltage that was 9V higher than the microcontroller, the study found that the increased
simplicity of the self-regulated device made it the more affordable option [89]. Although the use
of battery power was not demonstrated, this design could be powered using 9V alkaline batteries
[89].
Polymeric PTC heating elements may also be used for POC devices [34, 119]. Where
many ceramic PTC heaters are commercially available and rated for a wide range of
temperatures, polymer resin heaters are specifically designed on a case-by-case basis to operate
within a very narrow temperature range [34, 119]. Polymer resin heaters require lower operating
voltage than most ceramic resins, saving energy. Using the BM117 heater from Heatron, LAMP
was performed with a Bsm polymerase, which is optimally reacted in a 57–62°C environment, to
detect chlamydia trachomatis [119, 34]. In a microchip holding two 50µL reaction chambers,
85% of the reaction volume was held in the desired temperature range for 25 minutes [119]. In a
more complex thermal analysis using a BM128 self-regulating heater from Heatron, ambient
temperature conditions were considered [34]. This study found that in ambient temperature
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conditions lower than 20°C, the test took longer than 30 minutes to complete. In ambient
temperatures higher than 30°C, the reaction temperature was raised to a point where Bsm
polymerase activity threatened to lower or cease [34]. In ambient temperatures of 20-25°C, 85%
of the reaction volume could be maintained at the desired temperatures of 57–62°C for 20
minutes, with a maximum total testing time of 32 minutes [34]. While PTC heating is successful
in most cases, the threat of overheating the polymerase in elevated ambient temperatures shows a
weakness in self-regulated systems versus controlled systems. Using a simple temperature
switch, such as that used by Tang et al., may lower the risk of overheating while still having a
relatively simple device [128].
2.

Aim and Motive for Research
While many researchers have come up with creative solutions to make ASSURED

compliant POC devices for isothermal NAATs, every method has its downfalls. Chemical
heating with latent heat storage is a robust and affordable method, but the exothermic reaction
can be complicated to control and messy to perform. Electric heating with a microcontroller has
a user-friendly interface, but microcontrollers can be expensive, complicated, and delicate.
Without modification, electric heating is typically not effective at warming irregular shapes like
a PCR tube. Both of these methods also have benefits. There seems to be a lack of research
exploring the possibility of using a PCM in conjunction with a resistive heating element.
Combining these elements would likely require more electric energy than would be typically
used with a microcontroller and more PCM than would typically be used with chemical heating.
Still, it would also gain features that could make it advantageous in come conditions. For
example, such a device could be constructed primarily out of very common components such as
PCR tubes, batteries, aluminum ramekins, and mass-produced thin-film heaters. It also would
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require very little technical knowledge to assemble, repair, and operate. By removing the
chemical heating, you remove the main consumable not directly used in the NAAT itself.
Batteries would need to be replaced or recharged, much at a much lower rate than chemicals
would be consumed. Additionally, because it would use electrical power without a
microcontroller, different types of batteries, power banks, solar cells, or even the electrical grid
could be used depending on what resources are available in a given situation. This flexibility
increases the usability of the device and allows for further optimization. A summary of the pros
and cons of the two methods and why they will be incorporated or avoided in the device can be
seen in Table 2.1.
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Table 2.1: The pros and cons associated with chemical and electric heating that are being
considered in the design of the POC device described in this thesis,
Chemical Heating with a PCM
Electric Heating with a Microcontroller
Pros
Simple temperature
regulation via PCM
requires very little
training and
maintenance

Cons
The use of a chemical
reaction as a heat
source introduces a
learning curve to some
individuals

Pros
The use of a resistive
heating element allows
for very predictable
and consistent heating
conditions

Submersion in a PCM
provides ideal
conditions for the use
of PCR tubes, which
are more affordable
and accessible than
microfluidic chips

Chemical heating can
be unpredictable and
hard to control

Resistive heating
elements are massproduced at a variety
of voltage and power
ratings

A PCM would
theoretically work in
flexible ambient
conditions
By changing the PCM
in the device, a variety
of NAATs could be
performed without
heavy alterations to
the basic design

Reactants can be hard
to acquire without
special effort and
specific vendors
Chemicals can be
messy to use and store
and add an additional
layer of complexity to
the design
Chemicals are a
consumable that must
be replaced

Many individuals are
familiar with batterypowered devices,
which makes for a
user-friendly device.
Heating elements can
be powered by
multiple kinds of
power sources which
introduces a layer of
flexibility into the
design

Cons
Devices that require a
microcontroller for
temperature regulation
include delicate
electronics that can be
expensive and can get
damaged in
transportation
Microcontrollers
typically require a
computer interface and
coding to change
settings, which is
unrealistic in a very
low-resource
environment and
inaccessible to those
without technical
knowledge
Heaters with
microcontrollers are
best at heating
microfluidic chips;
Microfluidic chips
generally need to be
specially
manufactured prior to
use

In addition to utilizing the aforementioned technical elements, the goal is to produce a
device capable of performing LAMP and RPA. These NAATs were specifically chosen because,
in addition to being specific and sensitive at detection, they can be executed in a single PCR
tube, are not as complicated as some other NAATs. RPA and LAMP also do not require a
denaturing or quenching step, and the amplification products can be detected using POC-friendly
methods such as a lateral flow strip or fluorescent tags.
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Specific objectives to enable these NAATs are as follows:
•

For LAMP, the objective of the experiments was to design a device that allowed

for the reaction to reach the target temperature range, 58-65°C, within 30 minutes of the
power source being connected, and for the temperature to be sustained in that region for
60 minutes. While LAMP reacts optimally in the 60-65°C range, the reaction will
progress as long as the temperature exceeds 57°C, so reaching 58°C within 30 minutes
was considered acceptable.
•

Because RPA has a shorter run time than LAMP, the aim of the experiments was

for the reaction to reach the target temperature range, 35-42°C, within 15 minutes of the
power source being connected, and for the temperature to be maintained in that region for
30 minutes. While 37-42°C is optimal, RPA can operate at much lower temperatures.
Because the PCM, PureTemp37, has a melting temperature of 37°C, the target
temperature range was expanded to include 35°C.
3.

Materials and Methods

3.1

Materials

3.1.1

Materials for the Isothermal Heating Device
The heating components, PCMs, and reaction volume were housed in a 10-ounce

stainless steel vacuum insulated food jar (Thermos LLC, Schaumburg, IL, USA). Modified 4ounce disposable aluminum baking ramekins were used to hold the PCM and reaction volume.
Exterior and interior lids were assembled using aluminum-backed foam insulation (~ 3 mm
thickness). Two PCMs, PureTemp 37 and PureTemp 63 (PureTemp LLC, Plymouth, MN, USA)
were used for latent heat storage. Aluminum heat sinks were purchased from CGjiogujio
(Nanjing, China). Two variations of polyimide thin-film resistive heaters were used: a 12V/7W
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25mm x 50mm heater and a 12V/13W 70mm diameter heater (ICstation, Guangdong, China)
(Figure 3.1). Temperatures were measured using a digital thermometer with K-type
thermocouples (Omega Engineering Inc., Norwark, CT, USA). Three power sources were used
for the devices. These include rechargeable 1.2V nickel-metal hydride (Ni-MH) AA batteries
(EBL Mall, El Monte, CA, USA), 1.5V lithium-ion manganese oxide (LMO) AA batteries
(Energizer Holding, Inc., St. Louis, MO, USA), and a variable output benchtop voltage supply
(Marlin P. Jones & Assoc., Inc., Palm Beach, FL, USA). Battery holders with snap connecters
(SDTC Tech, Guangdong, China) and without connectors (XiangLv, Nanning, China) were used.
Component measurements were taken using a Klein Tools multimeter (Lincolnshire, IL, USA).

Figure 3.1. ICstation polyimide thin-film heaters. Pictured are the 12v/13W 70 mm round heater
(left) and the 12V/7W 25mm x 50 mm rectangular heater (right). The heaters are attached to
aluminum so that they may be swapped out inside of the housing.

3.1.2

Materials for RPA assays
RPA was performed using TwistAmp® Liquid Basic kit from TwistDx (Maidenhead,

UK). The DNA detection experiments were done using the 289bp positive control provided in
the kit. dNTPs were purchased from Thermo Fisher Scientific Inc. (Waltham, MA, USA).
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Sample clean-up was done using the NucleoSpin Gel and PCR Clean‑up kit (Macherey-Nagel
GmbH & Co. KG, Düren, Germany). Detection of the amplification products was done using the
FlashGelTM system (Lonza, Basel, Switzerland). Molecular biology grade water was purchased
from Quality Biological (Gaithersburg, MD, USA). A micro centrifuge, analog vortex mixer,
micro heat block, and all other consumables were purchased from VWR (Radnor, PA, USA).
3.2

Methods

3.2.1

Heating Device Assembly
Assembly was done inside an insulated food jar (Figure 3.2.A). To assemble the device,

the thin-film heater was first placed in the bottom of the insulated food jar (Figure 3.2.B). An
aluminum ramekin was modified to fit into the food jar (Figure 3.2.C). Four round aluminum
heat sinks were placed into the aluminum ramekin, and PCM was poured on top. PureTemp63,
which has a melting point of 63°C, is used for LAMP devices. PureTemp37, which has a melting
point of 37°C, is used for RPA devices. The ramekin, heatsinks, PCM, and a 0.2mL PCR tube
were then heated on a hotplate to remove air from the PCM and ensure that the bottom of the
heatsinks was in contact with the bottom ramekin (Figure 3.2.D). This step is important in
guaranteeing efficient heat transfer from the heater to the PCM. To insulate the reaction, small
internal lids were constructed to go inside the ramekin (Figure 3.2.E). Two internal lids were
used. A larger insulated lid with a hole for electric cords was made for the food jar (Figure
3.2.F).
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Figure 3.2. Components of the isothermal heating device. (A) Vacuum food jar (B) Thin-film
heater inside food jar (C) Modified aluminum ramekin (D) Ramekin containing PCM, aluminum
heat sinks, and PCR tube (E) Interior insulated lids for the ramekin (F) Exterior insulated lid for
the food jar with an opening for cords

The resistance of the heating elements was measured using a multimeter. To compare the
efficiency of different power sources, voltages were measured using a multimeter. The voltages
were measured with and without a load. The voltages of the various power sources were
measured over 5 minutes with a target voltage of ≈6V across the rectangular heating element
To confirm that the temperature measurement outside of the PCR tube was representative of the
temperature inside the tube, an experiment was conducted that measured the temperature of both
areas simultaneously. A small hole was drilled into the lid of a PCR tube containing a mock
reaction volume, and a thermocouple was inserted into the lid (Figure 3.3).
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Figure 3.3. A PCR tube with a hole drilled for thermocouple measurements.

3.2.2

Experiments with LAMP Mock Reactions

When designing a device set-up that could perform LAMP in a POC setting, two types of tests
were conducted:
1)

Constant voltage tests with batteries or benchtop power

2)

Variable voltage tests with batteries or benchtop power

All experiments were conducted at room temperature (20-23°C). For both types of tests, the
temperature was monitored by placing one thermocouple near the heater and one thermocouple
against the PCR tube (Figure 3.4). The PCR tube was filled with 50µL of water, acting as a mock
reaction.
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Figure 3.4. Thermocouple location inside the device. Thermocouples are circled in red. (A)
Thermocouple to measure heater temperature (B) Thermocouple to measure sample/PCM
temperature

For tests using a constant voltage, the heater was connected to a power source and left
running at that voltage for the duration of the experiment. For experiments using batteries,
battery holders with connector snaps were used (Figure 3.5.A). Using constant power, the device
was tested at 9V and 12V. Both types of thin-film heaters were tested. The amount of PCM in
the ramekin, PureTemp67, was tested at 20, 30, and 45 grams.

Figure 3.5. Power sources for the isothermal heating device. (A) AA batteries in battery packs
with clip connectors (B) Benchtop power source
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For tests using variable voltage, the heater was initially connected to a higher voltage and
then dropped to a lower voltage once the reaction volume approached 60°C. Changes between
12V and 6V, 12V and 3V, and 9V and 4.5V were tested with the benchtop power source (Figure
3.5.B). Alterations between 12V and 6V were tested with batteries. Two configurations of the
circuit were tested with batteries. One configuration (C1) used a switch and allowed for 8 AA
batteries in total to be used; then half of the batteries are disconnected once the switch is thrown
from one side to the other (Figure 3.6). The second configuration (C2) used 12 batteries in total
and required manually connecting and disconnecting a clip connector to change the voltage
(Figure 3.7). For the experiments with variable voltage, only the 70 mm circular heating element
was used. The amount of PureTemp63 was changed between 15 and 30 grams.
C1

Figure 3.6. C1: a configuration for alternating voltage between 12V and 6V utilizing a circuit
with a switch that allows for either 8 or 4 of the 8 batteries to be connected.
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C2

Figure 3.7. C2: a configuration for alternating voltage between 12V and 6V where two power
sources with male connectors can be manually connected to the female connector on the heating
element. 8 batteries are in one power source and 4 are in another, making 12 batteries total.

3.2.3

Experiments with RPA Mock Reactions

When designing a device set-up that could perform RPA in a POC setting, the device was
assembled identically that of the device for LAMP except for the use of PureTemp37. All
experiments were conducted at room temperature (20-23°C). During testing, a constant voltage
of 12V was applied during the warm-up phase and then the power supply was turned off as the
reaction approached 35°C. 20 grams of PCM was used for all experiments. The circular heating
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element was used for all experiments, and both Ni-MH batteries, LMO batteries, and the
benchtop voltage source were tested.
3.2.4

RPA Reactions
RPA tests were incubated using both the POC device and a micro heat block. The

reactions were conducted according to the instructions from the TwistAmp® Liquid Basic Kit
from TwistDx. DNA amplification was done using the 289bp positive control and primers
provided in the kit. Single-tube amplification was performed using a 0.2mL PCR tube. Around
12Vs of Ni-MH AA batteries were used as the power source for reactions incubated in the POC
device. The device was left connected to the batteries until the temperature of the PureTemp37
PCM approached 35°C. Once the PCM was in the desired temperature range, the device was
disconnected from the batteries, and the RPA reaction was placed into the device. The reaction
was allowed to incubate for 30 minutes. For reactions incubated in the heat block, the heat block
was set to 37°C; once the temperature was reached, the RPA reaction was placed into the heat
block and allowed to incubate for 30 minutes. The RPA products were cleaned following
instructions from the NucleoSpin Gel and PCR Clean‑up kit. Gel electrophoresis was used to
detect the products with the Lonza FlashGelTM system.
4.

Results and Discussion

4.1

Component measurements

4.1.1

Heating Element Resistance and Battery Voltage
The resistance of the heating elements was measured with a multimeter. The heating

elements were purchased in packs of 4. The resistances of the heating elements were very
consistent between each unit of the respective model. It was determined that the circular heater
has a resistance of 13.3±0.1Ω and that the rectangular heater has a resistance of 20.5±0.1Ω.
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Based on Ohm’s law (Eq. 2), the measurement of 20.5Ω is consistent with the advertised
12V/7W specifications of the rectangular heating element.
V2
P=
R

Eq. 2

For the circular heating element, a measurement of 13.3Ω is ≈2.2Ω higher than expected based
on the advertised rating of 12V/13W.
The voltage for both types of batteries was measured and checked for consistency. The
EBL Ni-MH batteries have an average voltage of 1.41±0.01V, and the Energizer LMO batteries
have an average voltage of 1.74±0.01V. With such a discrepancy in voltage, one would think
that the LMO batteries would far out-perform the Ni-MH batteries. Surprisingly, this was not the
case. While the LMO batteries start with a much higher voltage than the Ni-MH batteries, once a
load is placed on the batteries, the voltage of the LMO batteries drops rapidly (Figure 4.1). All
batteries have an internal resistance that can decrease the total voltage of a circuit. Moreover,
many types of batteries have a PTC resistive element to prevent overheating. The PTC element
causes the internal resistance of the batteries to increase as a load is applied (Figure 4.2). As the
resistance increases, the power supplied by the batteries decreases (Figure 4.3). The significant
internal resistance of the LMO batteries most likely accounts for similarities in performance
between batteries types in later experiments. The benchtop voltage source was also tested.
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Figure 4.1. Comparison of the voltage output of different power sources over time. The total ΔV
for the EBL batteries was -0.13V. The total ΔV for the Energizer batteries was -0.53V. The
benchtop voltage source had minimal voltage changes throughout with only ±0.01V fluctuations.
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Figure 4.2. Comparison of the internal resistance of different power sources over time. The total
ΔR for the EBL batteries was +0.46Ω. The total ΔR for the Energizer batteries was +1.87Ω. The
benchtop voltage source was stable.

40

2.5
EBL Batteries

Energizer Batteries

Benchtop Voltage Source

Power (W)

2
1.5
1
0.5
0
0

1

2

3
Time (min)

4

5

6

Figure 4.3. Comparison of the power output of different power sources over time. The total ΔP
for the EBL batteries was -0.06W. The total ΔP for the Energizer batteries was -0.33W. The
benchtop voltage source was stable.

The low internal resistance and stable power output of the benchtop voltage source
provide an explanation for why experiments using batteries perform worse than experiments
using the benchtop voltage source. This phenomenon will be seen further in later results.
4.1.2

Temperature difference between PCM and PCR tube interior
To ensure that the temperature of the reaction volume inside the PCR tube was similar to

the temperature immediately outside of it in the PCM, thermocouple T1 was placed in the center
of the PCM, and thermocouple T2 was submerged inside of the 50µL mock reaction volume
inside the PCR tube. It was found that the PCM was consistently hotter than the reaction volume
by ≈0.6°C (Figure 4.4). These results are unsurprising because the walls of PCR tubes are
designed to be thin enough for efficient heat transfer during thermocycling.
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Figure 4.4. Temperature comparison between the PCM outside of the PCR Tube and the mock
reaction within. The device was heated using the circular heating element with 12V and 6V
variable voltage for 80 minutes.

4.2

The Effects of the Heating Element, Power source, and PCM Volume on the Rate of

Heat Transfer to the PCR Tube
During experimentation, the heating element, voltage, power source, and amount of PCM
were varied to determine the most optimal combinations for rapid heat transfer to the PCR tube.
PCM type was also varied, but PureTemp63 was used exclusively for LAMP mock reactions,
and PureTemp37 was used solely for RPA reactions. The different variables have been given
abbreviations for ease of reference. These abbreviations can be seen in Table 4.1.
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Table 4.1: Variables used in experimentation and corresponding abbreviations
Variable
Variation
Abbreviation
Heating Element
Voltage

Power source

Amount of PCM

PCM Type

12V/13W Circular
12V/7W Rectangular
9 volts
12 volts
LMO AA batteries
Ni-MH rechargeable batteries
Benchtop voltage source
45 grams
30 grams
20 grams
15 grams
PureTemp63
PureTemp37

HE_C
HE_R
9V
12V
B_L
B_R
BT_V
45g
30g
20g
15g
PT_63
PT_37

When examining the effects on heat transfer, it is easiest to see the results by focusing on
the first 15-30 minutes of testing. This is because the rate of temperature change in the PCM
becomes much smaller as it approaches its melting temperature. Also, because of this, it is easier
to analyze changes in PT_63. PT_37 is already fairly close to its melting point at room
temperature.
4.2.1

Mass of PCM
As the amount of PCM used in the device decreased, the rate of heat transferred to the

PCR tube increased. This phenomenon can be seen by comparing the temperatures of the PCR
tubes when the PCM volume is the only variable that is changed. There is a slight increase in
temperature seen when going from 45 to 20 grams of PCM (Figure 4.5) and 30 grams to 15
grams (Figure 4.6).
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Figure 4.5. Temperature comparison between 45g of PCM and 20g of PCM. The dataset ΔT(°C)
shows the difference between the temperature of the reaction volume during the 20g experiment
and the 45g experiment.
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Figure 4.6. Temperature comparison between 30g of PCM and 15g of PCM. The dataset ΔT(°C)
shows the difference between the temperature of the reaction volume during the 15g experiment
and the 30g experiment.

This is an expected result. The PCM will not reach a temperature higher than its melting
point until the entire transition is complete. Regardless of this, when the energy from the heater
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is absorbed by the PCM, the aluminum heatsinks, and the PCR tube/reaction volume, the device
with more PCM can store more energy over a greater mass and maintain a lower temperature.
While less PCM allows for faster temperature change, there is a balance between how fast the
device can heat up and how long the target temperature can be maintained. This detail is
expanded on in section 4.3.
4.2.2

Heating Elements
It was found that the circular heating element provided faster heat transfer to the PCM

than the rectangular heating element. This can be seen by comparing the temperatures of the
PCR tubes when the heating element is the only variable that is changed (Figure 4.7). These
results are expected based on the equation for Joule Heating.
V2 t
E=
R

Eq. 1

Because the resistance of HE_R is higher than the resistance of HE_C, HE_R will produce less
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Figure 4.7. Temperature comparison between HE_R and HE_C. The dataset ΔT(°C) shows the
difference between the temperature of the reaction volume during the HE_C experiment and the
HE_R reaction.
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4.2.3

Power Source
A significant difference was noticed when using the benchtop voltage source when

compared to the batteries. This phenomenon is unsurprising based on the power sources'
electrical properties that were described in section 4.1.2. There is a less significant difference
between the use of the two battery types. B_R tended to raise the temperature of the PCM
slightly faster than B_L. This can be seen by comparing the PCR tube temperatures using
different power sources with PT_63 (Figure 4.8) and PT_37 (Figure 4.9).
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Figure 4.8. Temperature comparison between B_R, B_L, and BT_V using PT_63
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Figure 4.9 Temperature comparison between B_R, B_L, and BT_V using PT_37

4.3

Constant Voltage Experiments for LAMP POC Testing
While optimizing the variables mentioned in the previous section, the range of design

options could be narrowed down. The experiments in this section had the aim of creating a
device capable of incubating LAMP. When using a constant voltage to heat the device for
LAMP, it was found that either the target warm-up time or the target incubation length was
unattainable.
4.3.1

Warm-up conditions using HE_R
The target warm-up time could not be achieved using HE_R (Figure 4.10). None of the

configurations tested were able to reach 58°C in 30 minutes. Because of these results, HE_C was
chosen as the best heating element from that point forward. All of the following experiments
used HE_C.
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Figure 4.10. Reaction volume temperature after 30 minutes using HE_R. All experiments were
conducted at room temperature (20-23°C). *While the experiment with 12V; B_R; 20g
conditions did reach the target after 30 minutes, the PCM was at a temperature of 28°C at
time=0min, so it can be assumed that it would not reach the target temperature had it PCM
started at room temperature.

4.3.2

Incubation periods during constant-voltage testing
Using the HE_C and constant voltage at 12V, the target temperature could be reached

within 25 minutes. Unfortunately, however, with 30 grams of PCM, the device overheated too
quickly. Once melted, the PCM can no longer store the energy from the heating element, and the
temperature sharply rises. With HE_C and 9V, neither the target warm-up time nor the target
incubation length was achieved. The timeline of these reactions can be seen in Figure 4.11. The
complete temperature profiles from these experiments can be seen in Figure 4.12. At the end of
these experiments, the PCM had fully melted (Figure 4.13).
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Figure 4.11 Timeline of the constant-voltage experiments. For the 9V experiment, the warm-up
period took 45 minutes and the incubation period only lasted for 40 minutes. For the 12V
experiment, the warm-up period took 25 minutes and the incubation period only lasted for 20
minutes
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Figure 4.12. Temperature of the reaction volume during constant-voltage experiments. The
shaded region represents the target temperature range 58-65°C.
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Figure 4.13. Melted PureTemp63 inside of the ramekin following the 12V constant experiment.

These results present a problem. Lowering the voltage or increasing the amount of PCM would
extend the length of the incubation time, but it also would increase the warm-up time.
Decreasing the PCM or increasing the voltage would do the inverse. It is for this reason that
variable voltage heating was implemented.
4.4

Variable Voltage Experiments for LAMP POC Testing
Variable voltage was initially implemented using the benchtop power supply. By starting

the experiment at a higher voltage and then lowering it once the PCM/PCR tube approached the
target temperature, both a fast warm-up time and a sufficiently long incubation time were
achieved. The most successful experiment conditions started by initially providing the device
containing 30g of PCM with 12Vs and then dropping it to 6Vs. This configuration allowed the
PCR tube to reach 58°C in 25 minutes using the benchtop voltage supply. This warm-up time
was expected based on constant voltage tests. The temperature remained in the target range for
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60 minutes. The voltage was dropped at 20 minutes, but the temperature of the PCM continued
to rise due to the elevated temperature inside the food jar. The average temperature of the
reaction volume during the 60-minute incubation period was 60.8±0.5°C. After the 60-minute
incubation, the PCM was only partially melted (Figure 4.14). This fact suggests that the device
could have continued isothermal heating for a longer duration than tested.

Figure 4.14: Partially melted PureTemp63 inside of the ramekin following the 12V-6V variablevoltage experiment

Next, a configuration using 15 grams of PCM and a voltage change between 9V and 4.5V
was tested. This was done to minimize the energy and resources put into the device. The new
setup, like the 12V-6V setup, reached the target temperature in 25 minutes. Unfortunately, at
minute 50, the temperature of the PCR tube began to drop below 60°C, and the experiment was
ended. Finally, a setup using 15 grams of PCM and a voltage change between 12V and 3V was
attempted. For this experiment, the warm-up period was only 20 minutes, but at minute 55, the
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temperature dropped below 60 once again. The timelines of these experiments can be seen in
Figure 4.15 and the temperature profiles can be seen in Figure 4.16.

Temperature of Reaction Volume( C)

Figure 4.15. Timeline of the variable-voltage experiments. Only the 12V-6V; 30g experiment did
not drop below 60°C.
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Figure 4.16. Temperature of the reaction volume during variable-voltage experiments using the
benchtop voltage source. The shaded region represents the target temperature range 58-65°C
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After tests with the benchtop voltage source, the setup with 30g and 12V-6V voltage
change was tested using batteries as the power source. Also, C1 and C2 circuit configurations
were able to be used. Unsurprisingly, the circuit configuration had no impact on the performance
of the device. That being said, C1 requires less manual input from the user and fewer batteries.
C2 requires less (practically no) technical knowledge to assemble, and the batteries will need to
be replaced less frequently. Either circuit could be advantageous depending on the setting. There
was a significant difference in warm-up time between experiments using the benchtop voltage
meter, the Ni-MH batteries, and the LMO batteries (Figure 4.17). This is likely due to the
differences in the power sources' internal resistances described in section 4.2.3. When using
B_R, the reaction volume reached the target temperature in 30 minutes. When using B_L, the
reaction volume reached the target temperature in 35 minutes. Both are possible solutions for a
portable POC device to perform LAMP, but the setup using B_R is the optimal choice.

Figure 4.17. Comparison showing the effects of the power source on the warm-up period during
12V-6V variable-voltage testing for LAMP.
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After testing, it was determined that the best design for a portable LAMP device has the
following specifications:
•

12V/13W circular thin-film heater

•

12V-6V variable-voltage

•

Rechargeable Ni-Mh batteries

•

30 grams of PureTemp63

Temperature of Reaction Volume( C)

The heating profile for the device with these specifications can be seen in Figure 4.18.
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Figure 4.18. Heating profile of the reaction volume using the optimized POC device for LAMP.
The reaction volume warmed up in 30 minutes and remained in the target temperature range for
60 minutes. The shaded region represents the target temperature range 58-65°C. The average
temperature during the incubation period was 61±0.7°C

4.5

RPA Experiments and Reactions

4.5.1

RPA Mock Reaction Experiments

While designing a configuration to incubate RPA, prior experience from the LAMP device was
implemented, and the first configuration that was designed was successful in meeting the goals.
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The RPA device configuration has the following specifications:
•

12V/13W circular thin-film heater

•

12V warm-up

•

20 grams of PureTemp63

The 12V warm-up refers to the period before the device reaches the target temperature. After the
PCM approaches the target temperature (35°C), the power was complete disconnected from the
device. Initially, the benchtop voltage source was used to heat the device. This setup reached the
target temperature in 10 minutes and maintained the target temperature range for the entire 30minute incubation period. Next, experiments were performed to compare the effects of the power
source (Figure 4.19). When using either battery type, the warm-up period was 15 minutes long,
and the entire incubation time was met (Figure 4.20).
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Figure 4.19. Heating profile of the reaction volume using the optimized device for POC RPA
testing. The shaded region represents the target temperature range 35-42°C. All three
configurations had very similar temperatures during the incubation periods.
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Figure 4.20. Comparison showing the effects of the power source on the warm-up period during
12V-0V voltage testing.

4.5.2

RPA Reactions using the Optimized POC Device
Using the specifications described in the previous section and the Ni-MH rechargeable

batteries, RPA reactions were amplified in the POC device. First, one set of controls were
incubated using the device, and another set of controls were incubated using a standard micro
heat block. Post-reaction, these volumes were cleaned and separated using gel electrophoresis
(Figure 4.21). As expected, there were no specific amplification products seen in the negative
controls. The positive controls were successfully amplified in both the heat block and the POC
device. These results show that the POC device has potential as a diagnostic tool using RPA.
When performing RPA using the device, the PCM was first heated to the target temperature,
35°C, and then the reaction was placed inside. The process of opening the food jar to put the tube
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in did not cause any significant temperature change in the PCM. These were expected results
based on the excellent thermal storage qualities of the PCM.

Figure 4.21. Gel electrophoresis of RPA amplification products. The lanes from left to right are
as follows: (1) 100bp-4Kb FlashGelTM DNA marker (2) Negative control incubated on heat
block (3) Positive control incubated on heat block (4) Negative control incubated in POC device
(5) Positive control incubated in POC device. Lanes marked with ∅ are empty. The distinct lines
in the positive control lanes are the 289bp DNA templates provided by TwistDx.

Next, the POC device was used to perform four back-to-back incubations. Initially, the
typical 15-minute warm-up was executed. The first RPA reaction was incubated for 30 minutes,
and then the heater was reattached to the batteries for 5 minutes. Five minutes was the time it
took for the temperature of the PCM to stop decreasing. After those 5 minutes, the batteries were
disconnected once again, and the subsequent RPA reaction was placed in the device. This
process was repeated for the following two reactions. Each intermittent warm-up period was
shorter than the previous. Using this method, the device maintained the target temperature
conditions for 130 minutes with only 25 minutes of active heating. At the end of the reactions,
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the PCM was partially melted, as expected (Figure 4.22). The timeline of this process can be
seen in Figure 4.23. This exercise showed the potential this device could have for use in high
flow-through testing scenarios.

Figure 4.22. Partially melted PureTemp37 inside of the ramekin following the consecutive RPA
reactions
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Figure 4.23. Timeline showing the heating scheme of 4 RPA reactions performed consecutively. After the initial 15-minute warm-up,
subsequent intermediate warm-ups were very short. Using this method, the PCM remained partially melted and within the target
temperature range for 130 minutes
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5.

Conclusions and Future Work
The need for reliable, affordable, and accessible methods to diagnose infectious diseases

becomes increasingly apparent as more research is done in the area. As the interest in POC
diagnostics increases, so does the number of solutions and devices proposed. Many factors
impact what kind of POC device will be most optimal in different settings. In some
circumstances, devices with complex electronics and custom parts capable of an extreme level of
temperature control may be ideal. In other settings, electricity might not be an option at all, and
only rudimentary qualitative results could be desired. It's believed that the device proposed in
this work could provide a robust middle-ground opportunity that would work for POC testing in
a wide variety of scenarios.
The device described in this thesis successfully produced an environment that
theoretically could be used for incubating multiple kinds of NAATs. These results were achieved
by first studying the effects of choices that impact design elements. Heater type, voltage, power
source, and PCM volume were identified as important variables and assessed accordingly.
Perhaps the most surprising part of this stage was the determination that batteries of a similar
make can have internal resistances so different that the heating of the device will be affected.
Through experimentation with mock reaction volumes, a design for a POC device that should
theoretically be capable of incubating LAMP reactions was made. The device has a fast warmtime due to an initial high-voltage stage and can maintain ideal reaction conditions for 60
minutes due to a voltage drop during the incubation stage. For RPA, the device had the same
high-voltage warm-up step. In contrast to the LAMP device, the RPA device could operate
without power during the incubation stage due to the lower reaction temperature and the latent
energy storage of the PCM. The RPA device was used to successfully amplify DNA samples by
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incubating the reactions in ideal conditions for 30 minutes. Consecutive RPA reactions were
able to be performed with short warm-up times between the reactions. The ability to run multiple
reactions in a row is an excellent sign that the device has potential as a diagnostic tool. The final
device is portable, easy to assemble and use, affordable, reusable, difficult to break, and simple
to understand—the combination of elements typically used in different kinds of POC devices
allowed for these advantages.
Going forward, the most obvious and important step will be to attempt actual LAMP
reactions using the device. Performing the LAMP reaction will be vital in determining if further
optimization is needed. Also, using the LAMP device, experiments similar to those done with
RPA, such as consecutive heating and the effects of opening the device mid-test, should be
conducted. Another helpful step could be testing new power sources to see if more effective
heating could be obtained. Batteries with lower internal resistance would likely save time and
energy during the warm-up stage in future iterations of the device. Another critical advancement
would be to arrange heatsinks of different geometries in the ramekin so that multiple PCR tubes
could fit and be incubated at once. The ability to run multiple tests at once would be a significant
advantage for real-world use and is a feature that is surprisingly rare in POC NAAT tests.
Finally, experiments should be carried out in a range of different ambient conditions. Likely,
very cold or very hot ambient conditions would significantly alter the device's warm-up times
and incubation temperatures.
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